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A new approach to a small signal theory is presented. An electrical transport in a discharging 
capacitor system is analysed. A solid in which there can exist the deep or shallow trapping levels is 
considered. It is found that the current flow is stimulated by the trapped electrons and that the 
system can act as an anomalous reservoir of electrical energy (a case of solar cell). 
1. INTRODUCTION 
One of the fundamental problems of a space charge theory is to define the 
physical conditions describing the contact and internal processes [ I -  101. As a mat- 
hematical problem, it is necessary to find the conditions for the existence of the 
solutions [ l l  - 201. As one of the approximation methods describing the current flow 
through a solid, a small signal theory has been proposed [21-221. That concept has 
been based on the quasineutrality assumption. With this assumption, a boundary 
problem is neglected. In this paper, we will make a new approach to a small signal 
method, taking into account a space charge problem. 
Practically, the most interesting case occurs when the direction of the current 
flow in a discharging capacitor system is changed (a case of an anomalous 
conduction) [23-251. The purpose of this paper is to explain an anomalous 
conduction in a discharging capacitor system, using a small signal method. 
2. THE MATHEMATICAL MODEL 
For our space charge problem, we make the following assumptions: 
(I) The system of atoms forming the given crystalline structure is very chaotic (this 
property corresponds to the different structure defects caused by pollutants and by 
impurities), 
(II) Consequently, the concentration of atoms is possibly maximum (that is, the 
coordinate number is equal to 8 or to 12), and the splitting of the energy states (the 
Zeeman internal effect) occurs, 
294 B. SW~STACZ Arch. of Electr. Eng. 
.. . _ .  _ _ .  . _ - - - _ ~ . - ~ - . . . . . . _ _ - _ _ _ _ - - - . - . . . C -  
011) The energy separations in the band gap are < 0.1 eV (under these conditions, 
allowed electron transitions between the valence level and the conduction level via 
trapping levels are very quick) [26 -281, 
(IV) The given crystalline structure is permanently perturbed (that is, the propaga- 
tion of the perturbation of the kinetic and potential energy distribution of atoms 
occurs), 
(V) The perturbation of the equilibrium state condition is sufficiently small, so that 
a law of mass action holds [29- 301, 
(VI) As a model system, we consider a planar capacitor system (Fig. 1). 
bulk 
Fig. 1 .  The planar (discharging) capacitor system. Here, q,(xf ,  t') denotes the space charge density 
determined by the stationary state of solid conduction in a charging capacitor system with the anode 
x ' =  0 and the cathode x' = L; the direction of the current J(tl)  is anomalous 
Taking into consideration the above assumptions, for a discharging capacitor 
system, the basic equations such as the Gauss equation, the continuity equation, the 
generation-recombination equations and the field integral are written as 
E 8E'(x1, t') m 
- (p8(x', t l)-ph) - (n'(xl, t')- nh) - ~ ( I Z ~ ~ ( X ' ,  t') -TI]~,J,  (1) ax' i= I 
a apyx8, t') 
----{kpp'(x', t') + p,nl(x', t')]E'(xP, t ' ) }  + - -------- axp a t  an'(x: *') + at8 (2) 
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all;, (XI, t I )  
- . -- = Cnitzl(x', t') - vninj;(xf, t'); Nti >> n;,; i = 1 2 , .  m, (3) 
a t f  
n'(xl, tf)p'(x', t') = K, (4) 
i Ef(x', t') dx' = 0. 
Mere, q = 1.602 x 10-19 C, E is the dielectric constant, x' is a distance from the 
electrode, t' is the time, E' is the electric field intensity, p' and n' are the free hole and 
electron concentrations, respectively, n ji denotes the trapped electron concentration 
in the i-th trapping level, Nti denotes the concentration of traps in the i-th trapping 
level, ,up and pn are the hole and electron mobilities, respectively, vni and Cni are the 
generation-recombination parameters in the i-th trapping level, ph, nh, I?;;,, are the 
equilibrium concentrations of carriers, m is the number of the trapping levels, and 
L is the distance between the electrodes. 
From (I), (2) and (5) it follows that the relation for the current density J ( t f )  has 
the following form 
In order to reduce the number of the functions in (1)- (5), we introduce into our 
problem the so-called effective generation-recombination parameters defined by 
Under these conditions, equations (3) can be replaced by the following expression 
an:(xl, tr) !n 
- 
atr 
- Cnnt(x', t t ) -  vnn:(x', t'); ?I:= 
i= l 
where nj denotes the total concentration of trapped electrons. In what follows, for 
the current flow between the two electrodes, (7) and (8) will be used. Our problem 
will be solved by the use of the following normalised variable system 
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Thus, equations describing the space charge transport between the two electrodes 
take the form 
and the current density j = j ( t )  is 
Using the Taylor theorem to the function F ( x ,  t), we have 
Substituting x  = 0 or x  = 1 into (15a), we get 
and 
if x ~ < 0 ,  1> and aD(x7 - ' ) < o = F ( x ,  r ) > 0  for x ~ ( 0 ,  I ) ,  
ax 
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On the basis of (1 5a)- (l5ac), we can write the following implications 
- 1 if XE<O, 1 >  and >O A - <  Q 2 < 0  =j(t) <O, (15b) Jr 
if x e < O , l >  and 
- 1 if x s<O,  l >  and 
- 1 
if x s < O , l >  and - - - < Q , < O h  - j ( t )<O,  (15e) 
J r  
The next step is to find the physical conditions defining the initial distributions of 
the space charge density Q (x, 0) = Ql (x, 0) + Q,(x, 0) + Q,,(x, 0). In what follows, 
we will assume that these initial distributions are determined by the steady state of 
solid conduction in the form 
Q1 (x, 0) . Q, (x, 0) = - 1 ; js = [Q, (x, 0) - rQ, (x, 011 Ds(x); jS = const > 0, (17) 
i D, (x) dx = const > 0. (1 8) 
0 
For (1 6) - (1 8), according to Fig. 1, x = 0 is the anode and x = 1 denotes the 
cathode. In other words, for our space charge problem, we assume that a time 
t = 0- exists for which the transition from the steady current - charging capacitor 
conditions to the transient current - discharging capacitor conditions occurs. 
Taking into account this technical possibility, for our problem, we assume that the 
free negative charge density is continuous, that is Q, (x, 0 -) = Q, (x, 0 + ). With this 
assumption, the current flow in the discharging capacitor system will be investigated. 
3. THE SOLUTION OF THE PROBLEM 
Now, we will consider the two particular cases of the carrier flow through the 
bulk. Additionally, we will assume that r = 1 (that is, p, = M). First, let us consider 
the case when the electrons are not localised in the bulk. 
3.1. T h e  c u r r e n t  f l o w  t h r o u g h  a s o l i d  w i t h o u t  
t r a p p e d  c h a r g e  Q,,(x,t)=O. 
In this case of electric conduction, from (10)-(14), we obtain the following 
quasi-linear partial differential equation 
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Hence, on the basis of the theory of characteristics, we can write the ordinary 
differential equations 
Therefore, along the characteristics x(t) the free negative charge density has 
the form 
where 
and 
S 1 - Q:(x(s). 5)& + (0). x ( t )  = D (X (s), s) - 1 + Q:(X(~>; s) 
0 
Taking into account the physical conditions, we have to define a set corresponding 
to the given discharging capacitor system. This set is as follows 
The next step is to define the uniqueness condition in the set Q. According to the 
Picard theorem used to (19a), for the two characteristics x ,  ( t )  and x2(t) the 
uniqueness condition is written as 
if X, (0) > x2 (0) => x,  (t) > x2 (t) for t 2 0, (21) 
or in the equivalent form 
The property (21a) is fundamental for this paper. Now, in order to find the space 
charge distribution, we must return to (16)-(18). From these equations if follows 
that the initial space charge can be negative or positive or the electric field 
distribution D (x, 0) is uniform. First, let us take into consideration a case when the 
initial negative space charge is distributed in the hulk, that is 
Therefore 
Q2(., 0) < -1; ae,c*.-!!! < 0; - ------ 
ax 
O) < 0 for o < x < I .  (22a) 
ax 
Hence, on the basis of (20a) and (20), we have 
and 
Q, (x, t) = Q, (x (t), t) < - 1 for (x, t) E 0 .  (22~)  
Thus, from (lo), (13) and (22c) it follows that the negative space charge 
(x, t) - ...... Q: (x (0, t) - 1 
- --- < 0 for (x, t ) ~ 0  
ax Q,<X(~>, t> 
is distributed in the bulk. Now, referring to (15aa), we can write 
D(0, t) >O A D( l ,  t) < 0 for t B 0. (22e) 
this property denotes that the total charge between the two electrodes is negative. 
Using (22a) - (22d), we can find the other properties of D (x, t) and of Q, (x, t). To 
this end, we introduce into (20) and (20a) the following syrn bols V = A exp (- 2t) or 
V = Q, (x, 0) as well as Y = A or Y = Q, (x (t), t). With these symbols, (20) and (20a) 
are written as 
Hence, on the basis of (20a), (20) and (22a), we get 
dA dY dV 
- -  .-  - -- -2 - a Q 2 ( x " ) ~ o ) > ~  for O < x ( O ) < l  (23a) 
d i ( o ) - d v d ~ ( o ) - ( v - ~ ) ~  ax(o) 
and 
aQ,(x(t),t) dY dV -2exp(-2t) . dA 
- < 0 for 0 < x(t) < 1. (23b) 
ax (0) dV dx (0) - (V - dx (0) 
Therefore, (23 b) and (21a) yield 
aQ2(:('>,..t>-~Q2(~<t>, 9 .  1 
-- .- 
- < 0; for (x, t ) ~  0. 
ax (0  ax (0) dx(t) (234 
Thus, we can write the following property 
a Q 2  (x, t) Q,(x, t) < - I  A < O A ax a ' (x' t, < 0; for (x, t) E 0. (24) ax 
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Hence, on the basis of (15c), we ascertain that the ordinary conduction occurs, 
that is 
j ( t ) < O  for t Z 0 .  (25) 
Next, using the phase plane method to (19b) and referring to the Picard theorem 
for (19a), we obtain 
l imQ,(x( t ) , t )=Q:= -1 A limD(x, t)=O; for O < x < l  
I -  m  I - m  
(26) 
and lim j (t) = 0. 
I - m  
The properties (26) and (26a) denote that the system goes back to the equilibrium 
conditions. Now, we shall determine the shape of the D (x, t) I , =  ,,,,,, curve. From 
(14) and (24) if follows that there exists a point xo = xo (t) E < 0, 1 > such that 
(x", 0 D (xo (t), t) = 0 and j (t) = - . 
at  
Combining (27), we have 
therefore 
d x, - 
- 
aD (x, t) 
< 0; Q ( x ,  t) = Q, (x, t) + Q, (x, t) = . (27b) d t  Q(xO, f) ax 
Here, Q (x, t) is the space charge density. Since 
thus, on the basis of (24), 
Q(x, t> < 0 A 
and 
which leads to 
m  
(27b) and (26a), we can write the following properties 
aQ(x.4 < A - 
-- - - -  --- - 
ax 
a 2D (x3 < o for (x, t) E R 
ax2 (28) 
i (t) 
-- > j(') for t 2 0, 
Q(xo,t> Q < l , t >  
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Next, according to (26) and (26a), we obtain an asymptotic behaviour of j(t) 
Here, 1 Q (1, t) 1 denotes the maximum value. Now, let us define a set of x, (t). To this 
end, (28) is written as 
and the voltage condition 
where 
(14) can take the form 
XO X 0  
Next, substituting z = 1 - x" and x, = 1 - x, into I,, we obtain 
0 X I  
a D (X " 
-- - - -- 
aD (2, t) aD (X ", 
t)I;~2=~z(-di)(-dz)=-~zI--a$Id~.(30b) az axff 
X 1 0 
Therefore, according to (30), the condition I, = -I2 becomes 
X0 X 
aD (x ', t) 
~ x f T - - / d x f  = [ z - g d z .  
0 0 
Finally, on the basis of (29), we ascertain that (30c) is satisfied only when 
1 1 > x, > x, = 1 - x, that is - < x0 < 1 for t 2 0. 
2 (31) 
Now, using (28) and (31), we shall find a relation between the boundary values 
D (0, t) and D (1, t). First, let us notice that a function D (x) for t = const is convex 
upward. This convexity can be expressed by 
1 1 I , > S  ----D(O,t)x0 and - I , < S  ---(l-x0)lD(l, t)1.  
' - 2  - 2 (3 1 a) 
Here, S, and S2 are the areas of the convenient triangles. Since the voltage condition 
(30) is equivalent to I, = -I2, therefore from (31a) we have S, < S,, that is 
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Thus, if D (0, t) 2 I D (1, t)l, then from (31) we could have S, > S,. This denotes that 
(31 b) is not satisfied. Finally, we have 
ID(1, t)l>D(O, t )>O for t 2 0 .  (32) 
The final step is to define the signs of the derivatives of the functions D (0, t) and 
D (I, t), taking into account (24) and (25). Since 
dD (O' t, + [Q, (0, t) - Q, (0, t)] D (0, t) and D (0, t) > 0 (33) i ( t )  = 
as well as Q, - Q, > 0, therefore on the basis of (25), we see that a function D (0, t) 
dD(0 t) is decreasing, that is --------L < 0. Now, let us find the sign of the derivative of dt  
D (1, t). The function j (t) can be written as 
Next, using the mean-value theorem ,we can write 
According to (13), (24) and to (28), we have 
D(1, t )<D(c ,  t )<O and x o < c  < 1. 
and 
a 
-(Q,(x, t)- Q,(x, t)) > 0 for 0 6 x <  1. 
ax 
Thus, finally, we can note 
- i (O=[Q,(c ,  t)-Q,(c, t)llD(c, ~) l -=[Q1<1,  t>-Q,(l ,  OllD(1, 01, (344 
that is 
i ( t> > [Q, ( 1 ,  t) - Q2(1, t) lD(lY 0. (35) 
Hence, on the basis of (34), it follows that a function D(1, t) is increasing, that is 
dD(1Y 1) > 0. 
dt 
All these above considerations are illustrated in Fig. 2 and Fig. 3. A function j(t) 
aQ 
and the derivative 2have been found by a numerical algorithm. The shapes of the 
at 
functions j(t) and Q, (x ,  t) ,=,,, are presented in Fig. 4. 
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Fig. 2. The current flow curves obtained by the analytical considerations in the case when Q,,(x, I) m 0: 
a) the distribution of the free negative charge density; b) the characteristics X(I) (the flow curves) 
Fig. 3. The electric field distributions D (x, I) obtained by the analytical considerations in the case when 
Q,, (x, I) = 0: a) the convexity of the electric lield distributions D(x) for the different times 
0 < I, < r, < f,; b) the shapes of the boundary values of the electric lield D (0, I) and D(1, I). (Also, in the 
case of shallow traps, these similar curves are obtained by a numerical method) 
.- . 
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Fig. 4. The shapes of the current and charge curves obtained by a numerical method in the case when 
Q2,(x, I) = 0: a) the shape of the j(1) curve; b) the free negative charge distributions Q2(x) for the 
dirferent times 0 C 1, < t2 < I, 
Returning to (16) - (1 8), in the case when the initial charge is positive in the bulk, 
dD (x) that is -- > 0 and 1 < Q, (x, 0) for 0 < x < 1, we have the similar considera- d x 
tions. In this case of the current flow, omitting mathematical details, we ascertain 
that the ordinary conduction expressed by j(t) < 0 occurs (Fig. 4a). In the case when 
the initial space charge is equal to zero (that is, the electric field distribution defined 
by (16) - (1 8) is uniform), we have Q2 (x, t) = Q! = - 1 and Ql (x, t) = Qy = + 1 
and j(t) = 0. In the next section, we consider the conditions in which the current 
flow can be anomalous (Fig. 1). 
3 . 2 . T h e  c u r r e n t  f l o w  t h r o u g h  a s o l i d  w i t h  d e e p  t r a p s  
Qz,(x, 0 Q:,. 
In this part of the paper we consider a solid in which the deep trapping levels 
exist. In this case, we will assume that the trapped electron concentration is uniform 
(according to (12) and (16), formally, this condition can be characterised by z, << z,) 
and this concentration is independent of the free electron concentration. Under these 
conditions, in (16) we have 0 = 1 and Qy + Q! = -Q:, # 0, where Q;, is indepen- 
dent of Q! = - l/Qy. Theoretically, the simplest case occurs when r = I .  With this 
assumption, (1 0) - (1 3) result in 
from which we obtain the equations of characteristics in the form 
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According to (16)- (18), the initial values Q, (x, 0) are described by 
where 
On this basis, we can write the following property 
a Q 2  (x, 0) Q, (x, 0) < - 1 A aD(x 0) < 0  A --'-- <O for O < x <  1. (38) 
ax ax 
Next, referring to (15c), we have 
j(O+) < 0. 
Using the Picard theorem to (36a) and (36) and, as well, using the phase plane 
method to (36b), we ascertain that there exist the following limits 
lim Q2 (x (t), t) = Q; and lim Q, ( x  (t), t) = Q:' for x = x (t) E < 0, 1 > (39) 
1-m I  + m 
and consequently 
lirn D (x, t) = 0 for 0 < x < 1 and lirn j(t) = 0, 
I+  m I  + a3 
(394 
where - 1 < Q': < 0 and Q: > 1. Taking into account (39), (37) and (37a), we can 
show that there exist the values t, and t,(t, < t,) such that (Fig. 5) 
In other words, the set 9 is the sum of the sets 9, and 9, (Fig. 5), that is 
9 = a, u Q,, where in the set 9, we have the initial characteristics 
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Fig. 5. The boundary (set 9,) and initial (set a,) characteristics in the case when Q,, (x ,  t )  = Q:, 
and in the set a, there are only the boundary characteristics 
1 - Q:(x(s), s) 
- - - -d s+1  for t > , A > , t , .  
1 + Q:(x(s), S) (40~) 
A 
According to (36b), in the set a,, the free negative charge denisty is of the form 
Q y Ae-(Q?-Q31- Qo, Q2 (X ( t), t )  = ; A =  Qz(x(o),o)-Q: for 0.  (41) Ae-(Qt-Q!)'- 1 Q,<x(O), 0) - a(: 
Similarly, proceeding with (36b), in the set a,, the free negative charge density takes 
the form 
where 
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In what follows, in the set a , ,  the uniqueness condition (21a) is satisfied. In this set 
we have 
and 
Hence, on the basis of (21a), we ascertain that the free negative charge distribution is 
permanently decreasing in the set a , ,  that is 
aQ2 (X' 'I < 0; (x, t) E a , .  
ax 
Next, using (37) and (37a) as well as (41), we see that, along the initial characteristics 
(40a), the free negative charge is Q2(x(t), t) < Q;. Therefore, along the initial 
characteristics, we have 
aD Since there exists the following equality - = -I.%, thus, in the set 0, the space 
ax Q, dt 
charge is negative, that is 
( 4  0 
- -- -. -- < 0; (x, t) E a,. 
ax 
Completing (44), (46), (37a) and (37), we can note 
and 
Q2(x, t) = - 1 for x = 0 and t = t, . (474 
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Hence, on the basis of (15c), we ascertain that the ordinary electrical transport 
j ( t )<O for O < t < t ,  (48) 
occurs. 
Now, let us limit our attention only to the set 0, (Fig. 5). Here, the uniqueness 
condition takes the form 
From (40) it follows that the boundary conditions corresponding to (39) must be 
given. For this problem (that is, the transient current conditions in which the system 
can go back to the equilibrium conditions characterised by Q;Qy = -11, the 
boundary conditions are described by [3 1 - 321 
and 
With (50) and (50a), we will determine a distribution of the negative charge density 
in the set 0,. To this end, we make use of (42) and (42a) in order to obtain 
d l 
and 
Therefore 
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Hence, on the basis of (50), we notice that the free negative charge densities are 
uniform in the electrode regions (Fig. 5, the set Q,), that is 
Now, let us find the signs of the derivatives aD/ax and aQ2/at in order to define 
the shape of a function j(t). First, referring to (50) and (50a), let us notice that the 
boundary values are Q,(O, 1) < Q; and Q2(1, 1) < QO, for I>, t, and 1 2 t,, 
respectively. Thus, along the boundary characteristics x (t), we have 
aD 
Taking into account the equality -- -- -I - dQ2 (which we can easily show) and (46), ax Q, dt 
we see that the negative space charge 
is distributed in the bulk. Similarly, making use of (54) and of the other equality 
we get 
Completing (54) - (57) and (50a), we can write the following property 
Hence, on the basis of (44), (54), (57), (15d) and (39a), we see that an anomalous 
current flow occurs, that is 
j ( t )>O for t > t 2  and l imj( t )=O+.  
t - t m  
(59) 
Since a function j(t) is continuous, therefore from (48) it follows that a values to 
exists for which we have j(t,) = 0. In other words, on the basis of (48) and (59), we 
ascertain that the direction of the current flow is changed at the time t = to. With 
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Fig. 6. The possible shape of the j(1) curve in the case when Q,,(x, I) r Qy, 
Fig. 7. The shapes of the curves obtained by the analytical considerations in the case when Q,,(x, t )  = Q:,: 
a) the free negative charge distributions for the dilTermt times 0 < t ,  < t ,  < I,; b) the electric field 
distribution (also, in the case of shallow traps, a similar curve is obtained by a numerical method) 
(48) and (59), a possible shape of a current function j ( t )  is presented in Fig. 6. With 
the boundary conditions (50) and (50a), the free negative charge distributions 
Q,(x, t )  are continuous. In Fig. 7 the properties (44), (54), (56) and (57) are 
illustrated. In the next section we consider the other conditions in which an 
anomalous current flow occurs. 
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3 . 3 . T h e  c u r r e n t  f l o w  t h r o u g h  a s o l i d  w i t h  s h a l l o w  
t r a p s  z , = z , = z < m .  
In this part of the work we consider a solid in which the trapped negative charge 
distribution is not uniform. In this case we take into account the shallow trapping 
states in which the generation-recombination parameters are z, = z, (this denotes 
- 1 .  
that 0 = 2 and Q; = Q;, = - In (16)). Additionally, we assume that r = 1, that is 
J2 
p, = pp. This space charge problem is solved by a numerical method basing on the 
theory of characteristics. To this end, according to (10)-(14), the electrical trans- 
port in the discharging capacitor system is described by 
1 
j (t) = [ D ~  (1 , t) - D2 (0, t)] - 2 Q2 (x, t) D(x, t) d~ - Q2, (x, t) D (x, t) dx. (65) 
The initial conditions Q2,(x, 0) = Q2(x, 0) (a case of the shallow traps) are 
determined by (16)-(18). For numerical calculations we have taken into con- 
sideration the following time constants: z  = 100; z  = 1; z  = 0.1 (also, the other 
values can be considered). Under these conditions a function j(t) characterising an 
anomalous electric conduction between the two electrodes is determined. Some 
numerical results are illustrated in Fig. 8 - 11. From our numerical calculations it 
follows that the negative space charge is distributed in the bulk, that is ~ D ( x ,  1) < 
ax 
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Fig. 8 .  The shapes of the j(t) curve obtained by a numerical method in the case or the finite time constants 
7 ,  = 100; 7, = 1; 7, = 0.1 
Fig. 9. The free (left ligure) and trapped (righl ligure) negative charge distributions obtained by a numerical 
method in the case of a liiite time constant r = 100 (0 < t, < t, < 1,) 
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Fig. 10. The free (left figure) and trapped (right figure) negative charge distributions obtained by a numerical 
method in the case of a finite time constant r = 1 (0 < I, < I, < I,) 
Fig. 1 1. The free (left figure) and trapped (right figure) negative charge distribulions oblained by anumerical 
method in the case of a finite time constant r = 0.1 (0 = I, < I, < I,) 
for X E  <O, 1 > and t 2 0. Also, for the bulk with shallow traps the electric field 
distributions obtained by our numerical algorithm and the D (x) curves presented in 
Fig. 3 and Fig. 7b are similar. 
4. CONCLUSIONS 
In this section, we will determine the physical interpretation and define the 
importance of the above for the technology. According to (10)-(14) and (6), we 
have assumed that all the functions are continuous. Moreover, for the transient 
current - discharging capacitor problem, we assumed that the initial conditions can 
be determined by the steady state of solid conduction (since, an experiment 
concerning a charging and discharging capacitor system is easily realised). For our 
further discussion we must define the form of the generation-recombination parame- 
ters (7). Referring to [26], these parameters can be written as 
where v,, z 10'2s-', k is the Boltzrnann constant, m, is the electron mass, T is the 
temperature, Z is the atomic number and W, denotes the activation energy of the 
electron. Here, the parameters such as W,, N, and Z are of the form of mean values. 
The recombination parameter C, (or the time constant z, expressed by (9)) corresponds 
to the Coulomb force between the positive nucleus and the electron. Similarly, the 
generation parameter v ,  (or the time parameter z, expressed by (9)) corresponds to the 
kinetic energy of phonon and photon. Thus, referring to (10) - (l4), we notice that the 
properties of a current function (6) can be interpreted in terms of the Coulomb force 
between the positive and negative charge carriers and in terms of the crystalline lattice 
vibrations. According to the law of mass action (4) or (13), we take into consideration 
a solid in which the trapping energy states exist (these energy states are caused by the 
different defects and by impurities and pollutants) and we assume that allowed electron 
transitions between the valence level and the conduction level via trapping energy 
states are very quick. Under these conditions, for a current function j ( t )  characterising 
a discharging capacitor system, we can make some general conclusions: 
1) When the atomic number is sufficiently great and the additional kinetic energy 
is given to an orbital electron in a small portion (the activation energy W, is 
sufficiently great in the given constant temperature conditions), the deep trapping 
levels can exist in which the trapped electron concentration is uniform 
Q2, (x, t) = Q!, and the value Q!, = -(Qy + Q!) is independent of Q! = - l/Qy 
(here, we can easily show that - 1 < Q! < 0). In the particular case, when the 
negative space charge is distributed in the bulk (Fig. 7b), in the electrode regions 
(Fig. 5, the set a,) the free electron concentrations can become uniform 
-- - -. - - = 0 and the direction of the current flow is changed (Fig. 6). For t C t ,  
ax 
(Fig. 5, and Fig. 7a) the free electron concentration is greater than the free hole 
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concentration nr(x', t')> p'(x1, t') in the bulk. Under these conditions, from the 
interior to the boundaries the free electron flow occurs because of the Coulomb 
force between the free negative charge carriers, and the ordinary current flow is 
observd j(t) < 0. After a time t, (Fig. 5 and Fig. 7a) the free hole concentration is 
greater than the free electron concentration pf(x', t') > nf(x', t') in the bulk. In this 
case, the Coulomb force between the free positive and negative charge carriers is 
dominant, so that the free electron flow from the electrodes into the interior occurs 
(Fig. 5, the set a,) and the anomalous current flow is observed j(t) > 0 (Fig. 6). 
2) In the case when in a solid there exist the additional shallow trapping levels in 
which the same time constants are r, = r, = r < m and the negative space charge is 
aD distributed, that is -- < 0 for 0 < x 6 1 (Fig. 3 and Fig. 7b), also the anomalous ax 
current flow is observed (Fig. 8). Form Fig. 8 it follows that the shape of the j(t) 
curve depends on the time constant r .  Here, we can distinguish the three cases of the 
current flow. The first case is when r = 100. This denotes that the trapping levels are 
still sufficiently deep, that is (Fig. 9, the t 2 0 curve) 
aQzt (x, 0) 
< O  for O < x < l  
From Fig. 8 (the T, curve) it follows that there exist the two values to, and to, (to, < to,) 
such that j(t) < 0 for 0 < t < to, or t > to,, that is, the ordinary current flow is observed. 
For t,,, < t < to, we have j(t) > 0, that is, the anomalous current flow occurs. Referring 
to Fig. 9 (the left figure), the parameters t,,, and to, are defined by Q,(x = 0, 
t = to, ) = - 1 and Q, (x = 1, t = to,) = - 1 (these parameters are not shown in Fig. 9). 
From our numerical calculations it follows that the free electron concentration is greater 
then the free hole concentration in the bulk when 0 < t < to, < t, (Fig. 9). Also, referring 
to Fig. 9 (the t, curve), after a time t = to, < t,, the free hole concentration becomes 
greater than the free electron concentration at the electrode x = 0. Next, after a time 
t = to, < t,, the free hole concentration is greater than the free electron concentration in 
the bulk (Fig. 9, the t, curve). The behaviour of the j(t) curves can be explained in terms 
of the Coulomb force. Thus, according to (67) (or to Fig. 9), when the free negative 
charge is dominant (that is, when 0 < t < to, < t,), the free electron flow from the 
interior to the electrodes x = 0 and x = 1 is dominant because of the Coulomb force 
between the free and trapped electrons. In the case when t, < t < t,, (referring to (67) 
and to Fig. 9), form the electrode x = 0 to the electrode x = 1 the free hole flow becomes 
dominant because of the Coulomb force between the free holes and the trapped electrons. 
In this case we have j(t) > 0 (Fig. 8, the r ,  curve). After a time t, we have 
pf(x' ,  t') > n'(x1, t') and apf/ax' > 0 in the bulk (Fig. 9, the t, curve). However, the 
space charge is negative in the bulk (Fig. 3 and Fig. 7b). In this situation, the electric field 
of the free positive space charge is neutralised by the electric field of the trapped negative 
space charge, and the Coulomb force between the free electrons and the free holes is 
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greater than the Coulomb force between the free and trapped electrons. Under these 
conditions, the free electron flow from the electrode x = 0 to the electrode x = 1 is 
dominant, that is j(t) < 0. 
3) In the case when T = 1 (traps are sufficiently shallow, Fig. lo), the similar 
property of the current flow occurs (Fig. 8, the z, curve). However, in this case the 
minimum of the function j(t) is greater than the convenient minimum of j = j(t) for 
z, = 100 (Fig. 8, the z, and z, curves). 
4) In the case when the electrons are localised in the shallow trapping levels (this 
is expressed by z = 0.1 and by 0 = 2), the negative space charge can be distributed 
(Fig. 3 and Fig. 7b) and the anomalous current flow is observed (Fig. 8, the z, 
curve). Moreover, from our numerical calculations it follows that the system goes 
back to the equilibrium conditions characterised by Qy = +a = +& and by 
incident photons 
and electrons 
Fig. 12. Technical application of the theoretical considerations [6-8, 23, 25, 27, 33, 341: a) the 
electron-pholon detector system (or a solar cell): 1 the semitransparent electrode trealed as an injecting 
cathode, 2 -- the electrode, 3 - the bulk. Here, the current flow j ( t )  is anomalous; b) possible initial 
distribution of the free negative charge in Lhe electron-photon detector system; c) the possible shapes of 
the j ( t )  curves in Ihe electron-photon detector system 
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p- . . .- . ~ 
ZAGADNIENIE MALYCH ZABURZEN 1 ANOMALNE PRZEWODMCTWO 
ELEKTRYCZNE W UKLADZIE METAL-CIALO NIEMETALICZNE-METAL. 
DALSZE WYNlKl R O Z W A ~ A N  ANALITYCZNYCH 1 NUMERYCZNYCH 
W pracy przedslawia sie nowe podejicie d o  zagadnienia makych zaburzeli. Rozwaza sie przewodnict- 
wo eleklrycme w ukkadzie zwartego kondensatora. Zakkada sie, ze w ciele niemetalicznym mogq istniek 
pukapki &bokie lub plytkie. Stwierdza sic, ze przepkyw prqdu jest slymulowany przez spulapkowane 
eleklrony, oraz ze uklad dz i ah  jak pewien anomalny zbiornik energii elektrycznej (przypadek baterii 
slonecmej). 
IIPOEITEMA MAJIOrO CMrHAJIA M A H O M A J I ~ H ~ I ~ ~  TOK COOTHOIUEHII 
METAITJI-TBEPAOE TEJIO-METAJIJI. 
~ ~ J I ~ H E B L U M E  AHAJIMTMYECKME M BbIYMCJIMTEITbHblE PE3YnbTATbI 
